Autophagy, which is a process of self eating, has gained interest in the past decade due to its both beneficial and controversial roles in various biological phenomena. The discovery of autophagy genes (ATG) in yeast has led to focused research designed to elucidate the mechanism and regulation of this process. The role of autophagy in a variety of biological phenomena, including human disease, is still the subject of debate. However, recent findings suggest that autophagy is a highly regulated process with both beneficial and negative effects. Indeed, studies conducted using various model organisms have demonstrated that increased autophagy leads to an extended lifespan. Despite these findings, it is still unknown if all pathways leading to extended lifespan converge at the process of autophagy or not. Here, an overview of modern developments related to the process of autophagy, its regulation and the molecular machinery involved is presented. In addition, this review focuses on one of the beneficial aspects of autophagy, its role in lifespan regulation. [BMB reports 2009; 42(2): 65-71]
INTRODUCTION
Autophagy is a catabolic process that involves a process of self-cannibalization through the lysosomal degradation pathway that is evolutionarily conserved in all eukaryotic organisms. The discovery of lysosomes and simultaneous introduction of the term autophagy to describe the digestion of various proteins and organelles through lysosomes by Belgian cytologist Christian de Duve (1) initiated the study of autophagic processes and their mechanisms. The autophagy related genes (ATG) were initially discovered in yeast (Saccharomyces cerevisiae) (2) (3) (4) . These genes are conserved in metazoans and plants and their evaluation has led to increased understanding of the autophagic process and its role in diverse biological processes. Autophagy is present in basal levels in almost all cell types and plays an important role in cell growth, development, differentiation and homeostasis. Autophagy is controlled by various stimuli including nutritional status, hormonal factors, intracellular stress, temperature, oxygen concentrations and cell density. In addition, autophagy is dramatically up regulated in response to starvation, growth factor withdrawal and high bio-energetic demands. Autophagy has also been implicated in various human diseases, due to both its occasional protective roles and its contribution to cell damage under certain conditions (5) .
There are three general types of autophagy based on the mechanism by which cargo (intracellular components to be degraded) is transported in to the lysosome: microautophagy, chaperone mediated autophagy (CMA) and macroautophagy. In microautophagy, the cargo is directly incorporated into the lysosome through the lysosomal membrane by fusion, after which it undergoes further proteolytic digestion and the essential nutrients are retrieved. However, in CMA, the heat shock cognate protein of the cytosolic and lysosomal chaperone, 70 kDa (hsc70), selectively recognizes the cytosolic proteins containing the pentapeptide KFREQ motif (6) . The interaction between this chaperone and the substrate in the cytosol targets the complex to the lysosomal membrane, which results in fusion, further degradation and the subsequent release of nutrients. Macroautophagy differs from the other two types of autophagy because it involves the formation of a specific double walled vesicle that transports cargo to the lysosome. There are also other classifications of autophagy based on their target components (cargo). These classifications include ERphagy (7), mitophagy (8, 9) , nucleophagy (10), pexophagy (11), xenophagy (12, 13) , ribophagy (14) , and aggrephagy (15, 16) , which indicate specific degradation of endoplasmic reticulum (ER), mitochondria, nuclear regions, peroxisomes, intracellular pathogens, ribosomes, and protein aggregates, respectively.
The last 10 years have witnessed a surprising focus on autophagic pathways and understanding their regulation, mechanisms and functions. Accordingly, the molecular mechanism, regulation and functions of autophagy have been described in detail in several recent comprehensive reviews (17) (18) (19) (20) (21) (22) (23) . However, in this review, we provide insight into autophagic process and the role that they play in lifespan regulation in various model organisms. http://bmbreports.org 
The molecular machinery of autophagy
The process of macroautophagy (henceforth, referred to as autophagy) was first described in mammals in rat hepatocytes (24, 25) . Autophagy in mammals is mechanistically identical to the process that occurs in yeast. As shown in Fig. 1 , the process of autophagy can be broadly divided into the following steps: a) induction; b) nucleation; c) cargo recognition; d) expansion and completion of the autophagosome; e) fusion with the lysosome vacuole; and f) digestion and recycling of the cargo.
Induction
The autophagic process can be induced by numerous stimuli; however, the most well studied stimulus is nutrient starvation. Induction is regulated by the target of rapamycin (TOR) signaling pathway, which includes the protein kinase, Tor, a negative regulator of autophagy. Other proteins responsible for the induction step in yeast include Atg1, Atg13 and Atg17. The Atg1 and TOR kinases play a conserved role in the induction step, even in higher eukaryotes (26, 27) .
Nucleation
The origin of pre-autophagosomal structure or phagophore assembly site (PAS) is the least understood in autophagy. Besides, PAS is responsible for the formation of vesicles during autophagy nucleation. A functional complex of class III phosphatidylinositol 3 kinase (Vps34) along with Vps15, Atg6/ Vps30 and Atg14 (28) participates in autophagic/vesicle nucleation to localize other autophagy proteins to the PAS.
Cargo recognition
Inadequate information exists regarding the mechanism responsible for selection of the macromolecular complexes and organelles to be degraded and the regulation of these selective autophagic pathways. In S. cerevisiae, binding of Atg11 to Atg19 marks one of the first steps involved in cargo recognition; however, there is no evidence of such a mechanism in any other organisms. It has been reported that ubiquitin serves as a signal for cargo recognition by providing an interaction surface for specific ubiquitin-binding proteins. The p62/sequestosome has been shown to recognize the polyubiquitinated protein aggregates and subsequently lead the aggregates to the autophagic vesicles via binding to the LC3 in mammalian cells (29) . In addition, several studies have been conducted to identify the mechanism involved in the specific cargo recognition. In yeast, it has been shown that mitochondria requires Uth1p (9), peroxisomes are specifically recognized by Pex3/14 proteins (30) and the nucleus is recognized through Nvj1p, which results in degradation of parts of the nucleolus via a process known as piecemeal autophagy of the nucleus (10). The mechanism involved for the recognition of intracellular pathogens, leading to xenophagy, is still not well understood. Recently, Tan et al. proposed a general cellular mechanism for cargo recognition, which suggested that the K63 ubiquitin chain assembly is responsible for targeting intracellular inclusions for autophagy (31) . Further, Cao et al. recently determined the minimum requirements for cargo packaging using knock-out http://bmbreports.org BMB reports strains of S. cerevisiae (32) .
Expansion and completion of the autophagosome
Two sets of conjugation complexes involving ubiqutin-like (Ubl) proteins participate in the expansion and completion of autophagosomes (19, 33, 34) , the Atg12 system and the Atg8 lipidation system. The Atg12 system, which is covalently attached to Atg5, consists of a complex of Atg12p, Atg5p and Atg16p. The Atg8 lipidation system, which modifies the lipid phosphatidylethanolamine (PE), consists of proteins Atg8, Atg3 and Atg7. Both conjugation systems are widely conserved in eukaryotes. In addition, the Atg8 protein serves as a marker to monitor autophagy, even in higher eukaryotes, due to its association with completed autophagosomes (35) (36) (37) (38) .
Fusion with the lysosome vacuole
The completed autophagosome fuses with the lysosomal membrane using fusion machinery common for the fusion of autophagosomes and Cvt (cytoplasm to vacuole targeting) vesicles with the lysosomes. The proteins involved in this step are SNARE, NSF, SNAP, GDI homologs and members of the class C Vps/HOPS complex (18) .
Digestion and recycling of cargo
The single-membranous autophagic body, which is formed due to fusion of the double membrane autophagosome with the lysosome/vacuole, is attacked by lysosomal hydrolases. This breakdown of the internal membrane ultimately leads to degradation of the cytosolic cargo and recycling of macromolecules and amino acids.
Regulation of autophagy
The inhibition of TOR kinase during the induction step is known to induce autophagy in normal cells in different model organisms including yeast, worms, and mammalian cells (39) . Many studies have suggested that mTOR activity is regulated by different bio-molecules, which in turn affects the process of autophagy. The activation of AMPK due to the activated tumor suppressor, p53, leads to inhibition of the mTOR activity and subsequent induction of autophagy (40) . It has been reported that the activity of AMPK is essential for the process and regulation of autophagy (41, 42) . In addition Hansen and Jaattela (43) proposed that increased levels of free cytosolic Ca
]c) induce autophagy via the CaMKK/β-AMPK-TSC1/2-Rheb-mTORC1 signaling pathway, and that AMPK is a more general regulator of autophagy. Another mechanism shown to control the process of autophagy is the change in localization and/or activity of PP2A (protein phosphatase 2A), although other phosphatases are also involved in its regulation (44) . It has also been reported that the phosphorylation of ribosomal protein S6 inhibits autophagy in mammalian cells and suggested that both inhibition of autophagy and phosphorylation of S6 are under the control of the same signal transduction pathway (45) . Furthermore, Holen et al. (46) suggested that CaMK-II plays a role in the control of autophagy. Very lately, Dwivedi et al. suggested that calcineurin negatively regulates autophagy, while the process is enhanced in the absence of calcineurin activity (47) .
Biological and cellular functions of autophagy
One important function of autophagy in normal cells is the maintenance of normal levels of protein and functional organelles. The various functions of autophagy such as its role during starvation survival, cellular renewal, cell death, cell growth and development have been comprehensively reviewed by Melendez and Neufeld (48) . Whenever there is an imbalance in normal processes, autophagy is strongly induced. Autophagy is a catabolic process that enables cells to successfully adapt to environmental stress and maintain normal functions by supplying them with necessary amino acids and macromolecules. As a result, conditions such as mitochondrial damage (49, 50) , excess of peroxisomes (11, 51) , induction of unfolded protein response in ER (7) and inhibition of proteosome function (52) result in the activation of autophagy. Recently it has been reported that autophagy plays a role in the pathogenesis of disease (53) and health and to both promote and prevent human diseases (5).
Role of autophagy in lifespan regulation
Lifespan extension in any organism literally means a delay in the aging process. Compromised intracellular degradative pathways such as the ubiquitin proteasome pathway, ERAD pathway, and lysosome mediated autophagic process may lead to aging and thus affect lifespan. It is well known that bas-http://bmbreports.org al autophagic activity decreases with age in living cells, thus increasing the accumulation of toxic materials and inefficient cellular components. Therefore, aging occurs due to the insufficient removal of toxic materials and inefficient cellular components. The molecular mechanisms and genetics involved in aging and lifespan regulation from yeast to mammalian systems are well understood and conserved (Fig. 2) . The genes and metabolic processes involved in the aging process are evolutionary conserved. The insulin/insulin-like growth endocrine pathway is the best known and well understood pathway involved in the aging process (54) . Another well known pathway involved in aging process is the TOR pathway, which is inhibited by caloric or dietary restriction. Such inhibition of the TOR pathway results in the lifespan extension (55) . Many of the pathways that have been studied found to be involved in lifespan regulation in different organisms are dependent on the autophagy pathway or autophagic genes.
Lifespan regulation dependent on autophagy
Micro-organisms: Recently, Tang et al. (56) demonstrated that vacuole-vacuole fusion was required for extension of the lifespan of yeast in response to caloric restriction. Furthermore, it has been shown that the autophagy protein, Atg15p, is a lipase located in the ER that is essential for lifespan extension. A recent study in yeast further suggests that autophagy is essential for life span extension in TOR signaling-deficient mutants (57) . Flies: In Drosophila, it has been reported that low TOR signaling leads to up regulation of autophagy, which in turn guides to the promotion of normal cell function and survival rather than the suppression of cell growth via an endocrine response of insulin/PI3K signaling (58) . In addition, Simonsen et al. (59) demonstrated that Drosophila lacking autophagy-related genes had a reduced lifespan that increased by more than 50% when the expression level of Atg8a increased in aging neurons. Worms: In Caenorhabditis elegans, the TOR pathway, which is responsible for sensing nutrients, that have been inhibited by dietary restriction (60, 61) and the insulin/IGF-1 pathway (36, 62) , which responds to different environmental cues, are well known pathways involved in lifespan extension are reportedly dependent on the autophagy pathway. In addition, it has recently been reported that lifespan extension in mutants with lowered mitochondrial respiration (63) and cep-1 mutants (orthologue of p53) (64) is also dependent on autophagic genes. The results of a study that we recently conducted suggested that calcineurin also regulates lifespan through the autophagic pathway (47) . Plants: In Arabidopsis, Hanaoka et al. found that autophagy was required for maintenance of cellular viability under nutrient-limited conditions and efficient nutrient use by the entire plant (65) . Additionally, it has been shown that the APG8/12 protein conjugation pathways play a role in autophagic recycling during nitrogen and carbon mobilization (66) . Rodents: It has been shown that the process of autophagy declines with increasing age in hepatocytes isolated from rats fed ad libitum, but this decline is prevented in the case of caloric restriction (67) . In addition, the relationship between autophagy and caloric restriction has been extensively reviewed by Bergamini (68) . Mammals: It has been demonstrated in mammalian red blood cells (erythrocytes) that mitophagy mediated by Atg7 was essential in developing erythroid cells, and that its absence results in decreased lifespan and developmental arrest (69) .
Lifespan regulation independent of autophagy
The results of many studies suggest that autophagy plays a positive role in lifespan regulation and thus auspiciously suggest that lifespan extension in organisms is mediated by activation of the autophagic pathway. It is also well known that inhibition of the TOR pathway leads to the activation of autophagy and lifespan extension in various organisms (39) . Moreover, it has been reported that autophagy is both independent and dependent on S6K, which is a critical downstream substrate and effector of the TOR pathway. In Drosophila, Scott et al. demonstrated that TOR-mediated suppression of autophagy occurs independently of S6K (56) . Conversely, it was found that phosphorylation of ribosomal protein S6 inhibits autophagy in rat hepatocytes (45) . Moreover, S6kinase/rsks-1 C. elegans mutants were found to exhibit extended lifespan, but this extension occurred independently of the autophagic process (61, 70) . Recently Marino et al. (71) reported that extensive basal activation of autophagy occurred during normal aging in Zmpste24-null mice, which is contradictory to the normal level of autophagy that occurs in aging cells.
Conclusion and future perspectives
Studies conducted to evaluate autophagy, its molecular mechanisms and regulation have focused on its biological and cellular functions. Autophagy has diverse physiological functions and plays an essential role in cellular housekeeping, the maintenance of normal protein and organelle turnover and the degradation of damaged organelles. Autophagy is also involved in cellular remodeling during development and differentiation. In addition, autophagy plays important roles in stress adaptation, aging, defense against intracellular pathogens and antigen presentation. Furthermore, the results of recent biochemical and genetic studies have indicated that autophagy is involved in lifespan extension or anti-aging pathways. However, it is still not certain if the lifespan regulation of an individual is dependent or independent of the autophagic process. Future studies should be conducted to identify additional pathways involved in the regulation of lifespan and autophagy to elucidate the mechanisms responsible for aging.
